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| SHDRARTID
nst/Agency/Country( | Name | Machine | peakpert

ORNL/DoE/US Jaguar Upgrade Cray XT5 2.3PF
Tennesseej(f‘}"ﬁ/NSF/UgOO9 Cracken Cray XT5 1PF
Julich/BRIM (F 1) Jugene IBM BG/P 1PF
hE-hEKE XA (Tihanhe 1) GPU Cluster/Dawning 1.2PF
hE - RIE LR /3y 2 (Nebulae) GPU Cluster/??? 3PF
HAR-ERITX TSUBAME2.0 GPU Cluster/HP-NEC 2.4 PF
LBNL/DoE/US 2010 Hopper Cray XE6 1.3PF
&R KE K:A] (Tihanhe 1-A) GPU Cluster/Dawning 5 PF

EX M PRACEETEI - {ACEA Tera 100 Nehalem-EX Cluster/Bull ~ 1.25PF
ORNL/DoE/US Jaguar Upgrade 2 Cray XE6 +GPU 20PF
NCSA/NSF/US Blue Waters IBM Power7 server 10PF
LLNL/DoE/US Sequoia IBM BG/Q 20PF
ArgonneNL/DoE/US 2011-12 2?7 IBM BG/Q 10PF

B A - IEHF b=y E 1@ Venus %S 10PF
HA- R K HA-PACS GPU Cluster/HP-NEC 1PF

BRI RS2 B /PRACEETE 2?7 IBM, Cray=¥ ~PF x 4~5
h[E A~6{E T ???Dawning? EEH#PFULE



ExaScale Computing Study:
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Achieving Exascale Systems
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DoE Exascale

(slide courtesy Martin Savage)
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US DoE Exascale Roadmap

System attributes “2015” “2018”

Node performance 125 GF 0.5 TF 7 TF 1TF 10 TF
Node memory BW 25 GB/s 0.1 TB/sec 1 TB /sec 0.4 TB/sec 4 TB /sec
Node concurrency 12 O(100) O(1,000) O(1,000) O(10,000)
System size (nodes) 18,700 50,000 5,000 1,000,000 100,000
Total Node 1.5 GB/s 20 GB /sec 200 GB /sec

Interconnect BW

MTTI days O(1day) O(1 day)
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Biggest Problem is Power...

Peak Watts/

Peak Ratio c.f.
hi CPU C Tt
Machine ores Watts GELOPS MFLOPS/ CPU TSUBAME
Watt Core
TSUBAME(Opteron) 10480 800,000 50 400 63. OO 76.34

----------------

TSUBAME2006 (w/360CSs) 11,200 810,000 79,430 98. 06 72.32

TSUBAME2007 (w/648CSs) 11,776 820,000 102,200- 12463 © 69.63 1.00
Earth Simulator 5120 6,000,000 4o,ooo""""e§'é§'7'"i171 88 0.05
ASCT Purple (LLNL) 12240 6000000 77,824  12.97 %90.20 0.10
ATST Supercluster (Opteron) 3188 522,240 14400  27.57 :;63.81 0.22
LLNL B6/L (rack) 2048 25000 57344 229.38 512.21 1.84
Next Gen BG/P (rack) 4096 30,000 16384 54613 7.32 438
TSUBAME 2.0 (2010Q3/4) = 160,000 810,000 1,024,000 1264.20 5.06 10.14
Yensnnanmnnsnnnsn o;

TSUBAME 2.0 x24 improvementin 4.5 years...? = ~ x1000 over 10 years
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GPU (Multithreaded Vector) vs. Standard Many
Cores?

|Ed

SEANAVHBKRIETDIcON, BAYT
—1)2% (strong scaling) H\BIREEICE LY
TERLGREERIC
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(following slides courtesy John Shalf @ LBL NERSC)

NAME Discipline Problem/Method Structure
MADCAP Cosmology CMB Analysis Dense Matrix
FVCAM Climate AGCM 3D Grid
Modeling
CACTUS Astrophysics General Relativity | 3D Grid
LBMHD Plasma Physics | MHD 2D/3D
Lattice
GTC Magnetic Fusion | Vlasov-Poisson Particle in
Cell
PARATEC Material DFT Fourier/Grid
Science
SuperLU Multi-Discipline | LU Factorization Sparse
Matrix
PMEMD Life Sciences Molecular Particle

Dynamics




P7Vr=a i R ?2L—F22?
Latency Bound vs. Bandwidth Bound?

How large does a message have to be in order to
saturate a dedicated circuit on the interconnect?
» N1/2 from the early days of vector computing
» Bandwidth Delay Product in TCP

1.9GB/s
7.3us 6.3GB/s 46KB
5.6us 1.5GB/s 8.4KB
5.7us 500MB/s 2.8KB
1.7us 2GB/s 3.4KB

Bandwidth Bound if msg size > BandwidthxDelay

Latency Bound if msg size < BandwidthxDelay
- Except if pipelined (unlikely with MP/ due to overhead)
- W/HW DMA a few 100ns but not much more

(Original slide courtesy John Shalf @ LBL)



# calls <= buffer =size

BLNERMAIIRIIL—T 21N R

-INRBEXY =Ny 970ty ORIE -

100

g

Bl

4

20

Collective Buffer S5izes for All Codes

]
\15% Latency Bound!!!

Don’t need all that global NW
bandwidth?

—Great news for weak scaling
"_',.r‘r_/' code?

—Bad news for strong
scaling codes

—Weak scaling=> What
if O(n?) complexity=>
infeasible runtime!

I I I I I I
10 100 1k 10k, 100k, 1ME

buffer =zize {bytes)

NEC Conmaental (Original slide courtesy John Shalf @ LBL)
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» Extreme multi-core incl. vectors

» "Fat” nodes, exploit short-distance interconnection

» Direct cross-node DMA (e.g., put/get for PGAS)
XIEL =T EU(E/ > FIE+AXEDIL v F)
» Dynamic multithreading (Old: dataflow, New: GPUs)
» Trade Bandwidth for Latency (so we do need BW...)

» Departure from simple mesh system scaling
L=F2 2 |CBBR TN T INEREE

» From implicit Methods to direct/hybrid methods

» Structural locality, extraploation, stochastics (MC)

» Still may require global bandwidth for implicit solvers




GPUs as Commodity Massively Parallel

Vector Processors

E.g.. NVIDIA Tesla, AMD Firestream

- High Peak Performance > 1TFlops
* Good for tightly coupled code e.g. Nbody

- High Memory bandwidth (>10068B/s)
»+ Good for sparse codes e.g. CFD

- Low latency over shared memory

* Thousands threads hide latency w/zero overhead

- Slow and Parallel and Efficient
vector engines for HPC
- Restrictions: Limited non-stream memory

access, PCI-express overhead, programming
model etc.

How do we exploit them given vector

computing experiences?
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GPU vs. CPU Performance

Roofline model: Williams, Patterson 2008  FLOP/Byte =

Commgnica’rion s of the ACM F/B ]
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TSUBAME 1.2A ML %
(GPUSFHLIR) 2008 10H

Gloks Scentilic infarmation

ond Compating Center

Storage

1.5 Petabyte (Sun x4500 x 60)
0.1Petabyte (NEC iStore)
Lustre FS, NFS, CIF, WebDAV (over

Voltaire ISR9288 Infiniband x8 NEC SX-8i
10Gbps x2 ~1310+50 Pg

~13.5Terabits/s
(3Tbhits bisection)

10Gbps+Exter s iejslee 4600 (16 Opteron Cores)
NW g Koo - Atk 32~128 GBytes/Node
SRR 10480core/655Nodes

21.4TeraBytes

GCOE TSUBAS/ 50.4TeraFlops
Harpertowni\Xeo ~17OTFIops-DFP i (SuSE 9, 19)

90Nod /“JUf eu

80TB/s Mem BW (x2 ES)e.. ¥ =

72Node 586CPU (Low Power)
~5TeraFlops

CSX600
SIMD accelerator

NVYIDIA. ggo 648 boards,
Nvidia Tesla $1070: 1705, && 6800—K 52.2TeraFlops

High Performance in Many BW-Intensive Apps
10% power increase over TSUBAME 1.0 (130TF SFP / 80TF DFP)
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Highlights of TSUBAME 2.0
Design (Oct. 2010) w/NEC-HP

2.4 PF Next gen multi-core x86 + next gen GPGPU
» 1432 nodes, Intel Westmere/Nehalem EX
» 4224 NVIDIA Tesla (Fermi) M2050 GPUs

» ~100,000 total CPU and GPU "cores”, High Bandwidth g\ |

» 1.9 million "CUDA cores”, 32K x 4K = 130 million CUDA threads(!)
0.72 Petabyte/s aggregate mem BW,
» Effective 0.3-0.5 Bytes/Flop, restrained memory capacity (100TB)

Optical Dual-Rail IB-QDR BW, full bisection BW(Fat Tree)
» 200Tbits/s, Likely fastest in the world, still scalable

Flash/node, ~200TB (1PB in future), 660G6B/s I/0 BW
» >7 PB IB attached HDDs, 15PB Total HFS incl. LTO tape

Low power & efficient cooling, comparable o TSUBAME 1.0
(~1IMW); PUE = 1.28 (60% better c.f. TSUBAME1)

Virtualization and Dynamic Provisioning of Windows HPC +
Linux, iob migration, etc.




TSUBAME2.0 2010411 B

Tsubame 2.0: "Tiny" footprint, very power efficient System
- Floorspace less than 200m? (2,100 ft?) - iRacke)
P s * 1408 GPU Compute Nodes,
* Top-class power efficient machine on the Green 500 34 Nehalem "Fat Memory" Nodes

Rack
(8 Node Chassis)

Node Chassis

Compute Node (4 Compute Nodes)
) (2 CPUs,3 GPUs)
Chip

(CPU ,GPU) w
/
(intel) S5 . &
= ' 7 72.4 PFLOPé
80 TB

6.7 TFLOPS 53.6 TFLOPS

1.6 TFLOPS

CPUWestmere EP) GPUs(Tesla M2050)

76.8 GFLOPS 515 GFLOPS
3GB Integrated by NEC Corporation




TSUBAME2.0D %54
1. HR—IFRADRAO: FEEE2.4X2709TX

« BRFBEGPU-CPUICKEIRIMLRAS—EBET—XTI/F v B EEREE/\VFIE
- 2.4 Petaflops, *E')/\>FIE0.7T2RA/\( s (#ERS S2L—2D4.3(F)

- HARSERISAND2007IEYMEDNAEI a3V N\URRERBR LRV T—H

« BHDSSDEEETFRLI-ZRBAN —UIZL515PBO KF#EL LS &L (0.66TB/S)

2. HR-JRBEIJT)—2 /3]

« TSUBAME1REIZ DI RI/)LEX—HE 302D EHERELL-PUE=1.28-TGreen500 | — 2
- GPU+<IILFa7CPUD KIEFRIZLSE3hZE{E
- REWMDAHE: BERAROKATIVY, BRERTOSEAER, EF0ERFFvYT

- JST-CREST Ultra Low Power-HPCEH DA R D Iitx F
- =>PUE 1.28L\ T (ttOERND R /o>t 2—31.7~2.0i2 [F)

[OZORB ROV 1 BEVERITRRATAVT

«  Windows HPC/Linux’z &£ £10S, BHIRE D HR—

o RIEBIUEIZEDBRDT—EEUEA—RRATAUT EED Y R—

o HBEA/KioSK AT LDINVIITURE. EFTF7HI k- %"AE’J$I7<JIT0)$EF"H: E FHIR
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JST-CREST “Ultra Low Power HPC”, Rl EfEEFHRIER 1, XFE-EiE
#Rif NAREGI / e-Science® . Z<DEMBEWE

- B51%4L%: NVIDIA CUDA CoE (B A#]), Microsoft TCl S5 REHIZEEE4Y
- NEC, HP, NVIDIA, Microsoft, Voltaire, DDN %5 &0 it [R5 F A il
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NEC: 8- 2R KT RVATIL—a30 95O ER

HP: /—FEi% - £{KE&5t-J)—>; Microsoft: WindowsHPC: 25 K181t
NVIDIA: Fermi GPU (~2KJL) CUDA; Voltaire: QDR Infiniband Network
DDN: KEEXLL—; Intel: Westmere & Nehalem-EX CPU (RAh5—)
PGI: GRURARYKILIEa /NS

BRI KGSIC: EREEat - FBOPHUFEAT- R/ B EARM-VSASER

D

Japan (ﬁﬁ] NVIDIA.
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TSUBAME2.0 > AFLHEE

ANEISCLMRHDD AL —%: Total 7.13PB (Lustre+ home)

WHNT771NV o AT LA
5.93PB

N

MDS,0SS

HP DL360 G6 30Onodes
Storage

DDN SFA10000 x5

( 10 enclosure x5)
Lustre( 5File System)

0SS: 20 OST: 5.9PB

MDS: 10 MDT: 30TB

0SS x20 MDS x10

o

Storage Server
HP DL380 G6 4nodes

Storage
DDN SFA10000 x1
(10 enclosure x1)

BlueArc Mercury 100 x2

NFS,.CIFSH x4
EmEEE- EmmET

NFS,CIFS,iSCSIF x2

::> Sun SL8500 |
F—TYRFL
~8PB

___4<§E%E£)

\

___E-Science -~

J-FRBAEERE: 2)\Visrtvdary /o7av%2% ¥ QDR Infiniband xYM7—%

ﬁore Swit

[

ch

12switches

/ Edge switch

179switches

WL ............. w;

/" Edge Switch (10GHE portfd)

~

Renkei-POP
EETF—%

Voltaire

Voltaire Grid Director 4700 12switches

IB QDR : 36 port

Grid Director 4036 179switches

Voltaire
Grid Director 4036E 6 switches
IB QDR:34port

\ IB QDR: 324port

N\

10GbE: 2port

A

=)

S — B @

> o
|

Thinst&/—F

HPERGPUE#Y—/%  1408nodes

CPU Intel Westmere-EP 2.93GHz
(Turbo boost 3.196GHz) 12Core/node
Mem:55.8GB (=52GiB)
103GB (=96GiB)
GPU NVIDIA M2050 515GFlops,3GPU/node
SSD 60GBx 2 120GB ¥55.8GBXEViE#node
120GB x 2 240GB 103GBXEV#E#Enode
0S: Suse Linux Enterprise Server
Windows HPC Server

1408nodes (32node x44 Rack

CPU Total: 215.99TFLOPS (Turbo boost 3.196GHz)
CPU+GPU: 2391.35TFlops

HP#4Sockett—/% 24nodes
CPU Intel Nehalem-EX 2.0GHz
32Core/node
Mem:137GB (=128GiB)
SSD 120GB x 4 480GB
0S: Suse Linux Enterprise Server

CPU Total: 6.14TFLOPS

)

Memory Total:80.55TB (CPU) + 12.7TB (GPU)
SSD Total:173.88TB

Fatst&./—K

HP&4Sockett—/3— 10nodes
CPU Intel Nehalem-EX 2.0GHz
32Core/node

. Mem:274GB (=256GiB) 8nodes
- 549GB (=512GiB) % 2nodes
’ SSD 120GB x 4 480GB
r 0S: Suse Linux Enterprise Server
7 CPU Total: 2.56TFLOPS /
F 1 L.
: PCI -E gen2 x16 x2slot/node :
,L_' I 0 [r \'
: GSIC:NVIDIA Tesla S1070GPU :




TSUBAME | T2KMX | TACC Ranger | TSUBAME2.0
1 (2006¢E, | (2008%F, | (20084F. (2010%F, 32{&M)
22ﬁFa) 9oﬂFa) 60mFP)

Cores/Node
Node Mem BW(GBytes/s) 20 20 20
Node Network BW (Gbps) 20 40 10
#Nodes 655 952 3,936
#Cores (Total) 10,480(CPU) 15,232 62,976
# GPUs/Accelerators 360 (Clearspeed) 0O 0
25 Peak TFLOPS (I&¥E) 80 141 579
BEAEVINRIE(TB/S) 17 (Oél) 20 (0.13) 80(0.13)
(Flops/Byte) .

40f5LL E
2IYNI—=2151t 732 (Tbps) 6 41 80
Memory (Tbytes) 21 30 126
Linpack (f&§45E-TFLOPS) 48 102 433
A% 3D-FFT 256"3 ~13 ~20 ~80
(TFLOPS)
HDD Storage (Raw TBytes) 1100 1500 1700
Local SSD Storage/BW (Raw 0/0 0/0 0/0
TBytes) (Bandwidth TByte/s)
Energy(Incl. Cooling) 850KW/%E ~IMW/EE 2.4MW Year
Compute Racks 65 70? ~100

12(CPU)+1344(GPU)
64(CPU)+450(GPV)
80

1408(Thin) + 34(Med/Fat)
17 ,664(CPU)+18975(GPV)

~720 (0.3)
B/A\VKRIE ROk

zobxﬁi—iﬁé

100

>1000

~700 (GPU only)

7130
~200 (0.66PByte/s)

~1MW/SE
~44



TSUBAME2.0 Compute Nodes

\ 1408nodes:

4224GPUs: 59,136 SIMD Vector
Cores, 2175.36TFlops (Double FP)

2816CPUs, 16,896 Scalar Cores:
215.99TFlops

Total: 2391.35TFLOPS
HP SL390G7 (Developed for
TSUBAME 2.0) Memory: 80.6TB (CPU) + 12.7TB

GPU: NVIDIA Fermi M2050 x 3 (GPU)
515GFlops, 3GByte memory /GPU _
CPU: Intel Westmere-EP 2.93GHz x2 SSD: 173.9TB

Thin
Node

Infiniband QDR
x2 (80Gbps) '

(12cores/node) @
emory: 54, 96 GB DDR3-1333 P
SSD.60GBx2, 120GBx2 (D Total Perf
le QDR W PCl-e Gen2x16 xl’\ 34 nodes: 2.4PFlops
NS ) S.TTloes Mem: ~100TB

HP 4 Socket Server .

CPU: Intel Nehalem-EX 2.0GHz x4 Memory: SSD: ~200TB
(32cores/node) 6.0TB+GPU Y,
Memory: 128, 256, 512GB DDR3-1066 \_/

SSD:120GB x4 (480GB/node) SSD: 16TB+ 41










TSUBAME2.0/—FMItHEES

S 10Gb Ethernet x2

LS 771V AT LAk BIE/—F x51 F— L gt
S8 _ 04—t | XBESTB/NE | 4K
SFA10K) -+ (SFA10K) (0sS)0sS) .- “ “ ° @ oragy. .. ercur
* | | | | | | |
1 1 1 1 1
/ | Voltarie Grid Director 4036E x6 + Grid Director 4036 x1

10Gb Ethernet-x10

WSR—OFADINAEL2a /IS 2KE (200Tbps)
FISO00AEDK 771N
Voltaire Grid Director 4700 x12 N\ Y\ N\ NN~
NN NN

m 1 Second Rail

N ANA_A

¥.
RS T 7 =

\

First Rail

i1ty saFat Tre

e /70 F T K2 INT—Y

Edge Switch #4 Edge Switch x2
edyWed) at at
doe - SobEce -G8k ge-88 -8
L 16/—K 16J—K R Y
ThRSFE R X108 Racih Mediumst&./—k x24 Fatst&./—K x10
x44Racks

e

TSUBAME2.0%vh7—72#EH

.

Sun SL8500
Tape 8PB HFS

RENKEI-POP

SINET 3
JGN 10Gps

HPCI
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TSUBAME 2.0NZ/\1MRAML—

1) &/—ROEMECIEASSD. 2) Lustre/GPFSZRIALE U771V AT LKL,
NFS,CIFS,iSCSI2fgA 7=l F—L -5 —EARMAE IOHDDE, LU 3) REIFREFERT—7

::Z Z_ AZ“E m

Lustre 3771V AT LGS

MDS:HP DL360 G6 x10

-CPU:Intel Westmere-EP x2 socket (1237)

-X¥1):51GB (=48GiB)

-IB HCA:IB 4X QDR PCl-e G2 x1port
0SS:HP DL360 G6 x20

-CPU:Intel Westmere-EP x2 socket (1237)

-X¥1):25GB (=24GiB)

-IB HCA:IB 4X QDR PCl-e G2 x2port
AL —/:DDN SFA10000 x5

-Total&=:5.93PB

2TB SATA x 2950 Disks + 600GB SAS x 50 Disks

<= == Wl =ox

SFA10K 600 Disks SFA10K 600 Disks

SFA10K 600 Disks

SFA10K 600 Disks SFA10K 600 Disks

OST, MDT

771V AT LA 5.93PB

k OST, MDT OST, MDT

OST, MDT /k OST, MDT j

K—L- 9578 —EARMHEE
NFS/CIFSH :HP DL380 G6 x4
-CPU:Intel Westmere-EP x2 socket (12377)
-X¥1):51GB (=48GiB)
-IB HCA:IB 4X QDR PCl-e G2 x2port
NFS/CIFS/iSCSI 72t3L—3,3>:BlueArc
Mercury100 x2
-10GbE x2
AL —</:DDN SFA10000 x1
-Total¥&E:1.2PB
2TB SATA x 600 Disks

/ AN —777//]
w’ i “““m‘i
AW "

= “__\

"SFA10K 600 Disks ~ SFA6620 100 Disks /

F—LsakE 1.2PB

#200TB SSD+7.13PB HDD + #8PB7—7(F3E) DARRMMAN — J
W15~/ SEASER L s—BANOBEORR
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TSUBAME2.0 7—7 AT A (BlIEA:E)
S:T15PBRLE. BEZ771 NV AT LDRRE

A1 2F(Brocade BIFRX-4-AC)
10G-SR x6F—h

10G-LR x2¥-p

1G-Ethernet x244%-p

TIERA AN

LI T 10cBase-srmmF) x6
(I FyTAY—It X3

BEERIN—
H—/\ BT 5E

|

| [ — — i .

. SunFire X4275 2nodes
FARYT 3DOGB(RAID1E)

\X"E') 24GB

' FCA(Brocade 5300) _.mmms ]
TR ) wasnn)
# FC 4GBps x20 80Gbps

00/1000Base-T x1

(ndivm"l!)
/ 7'-77477') SL85002 B EPTPHER KE r_~8PB‘fIE§E§L;_"E \\

(2{%]
BR:4PB(EERE) LTO4 5000%
(9.2PBETHLIR DT 4E)
KS78:20 drive (128driveETIRIR 7] RE)
K472 120MB/s(JEERRF)
Aryb#:11.536 slot
Sun SLESN0 28

| -SLA500 + A=V IFRI TV EVA—AIEGIPERE, 66222078
\ -SLASD] + AP =V IZAN A EDa—N2E (20PN, 4,904 2008

GSICEEH

"----------------s
f
I
—

1 SuperTitanet3
2OGbps:

- ———— -

h----- L T P g

Lustre

I NOATLEEE |




BRI X e-Science RENKEI-POP
lckDREIAN— -HPCIND B Bk

B EESINETHZER A/ 2—B5F—42HFRBOBE
» RENKEIZOJ /M X FEl#Ee-ScienceZFEHE )& &S

AL—4—/3RENKEI-PoP (Point of Presence) D% - £ E (B i
> KBE. BEIOMEEMALT —FEXRY—I\TT31T7 R
» SINET3 EICIAI 771 IV AT LGfarmEF ICKVRENKEI-2 5 7R85
> TSUBAME2. 0’(”1!’.@1%5501/\:/%‘]@7(*5.&7—9 1]

CPU Core i7 975 Extreme (3.33 GHz)
Memory 12GB (DDR3 PC3-10600 , 2GB*6)

NIC 10GbE (without TCP/IP Offload Engine)
System Disk  500GB HDD

SSD RAID 30TB (RAID 5, 2TB HDD x 16)

IREIMSICEH. 110TBOBEREN 777 AN —JELTHIR R RE
BRTEAS ABRAS EAE RS A
EEHERET BTN F—IESHEEE B 5—I=?

ZHEAS R A
EL2RHRAMER WA o e



TSUBAME2.07 277N ERIfiZR&

OSZFIMICERE A ;70> a= J#iE |

> 37 ERBRIVATL N IFARARERIAT L (LiEE

> T=N/—=R(H—ERICEINYTSNTWEWHE/—R)EZFIAL, R
FOHR) /) —RAEY—EXR(CEIWHT

» Linux,Windows B DINYFRy I 1—F ket R/ —ReRAER

» Linux/—F, Windows./—F M BhBY7 18 7 HY AT BE

> N—=Feer EORMBEHE/—REATP1— LB RELT
BEINCINYF R 1—-F5DERIR

« My Oerr Hyper-V

& 5 k “Linux Windows

Linux Windows RBIRIER {REREER
\&k—) (P—ERIHLTBALY)—REBETS |
\ | 0 ‘ ‘\J | | 5
J—RFIEHNOINE Iy ﬁ‘ s : I :

H | |
* v M igg- @ik, oSt
b W BN — S ———
=Rs
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> BERECREL YD SIE)
> ANAFIVIRER, Y-EAREKR, MBOER
> NBRBH(E/—F RUEFBEHSIS)

: = : = /§/—|~"a>*um%1: N
NELE | pEs =, BEBRERN.
I =R | &/—KOANZR
==

RELY—1BH
DXEETTD.

ERERISBELER || SLEY-DS50 | E [l FIyoREREEN
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EEE
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GPU-optimized node in HP Skinless
Packaging

Typical Tsubame?2 node:
- 2 Intel® Xeon® Processor X5670 (six-core 2.93Ghz)
54 GB or 96 GB memory
2 SSDs per node
Dual Rail IB
3 NVIDIA M2050 GPU board

— Nodes go into chassis with
shared fans and power

— Chassis mounted into
lightweight racks

— Easy assembly

— Lower weight

— Reduced heat retention

— Modular and flexible

— Standard 19” racks

@

( OIS EE NEC Confidential



Compute Rack Building Block for
Tsubame?2

(HSZ gggmaf Cooling System - _ 421 HP Modular Cooling System
G2 rack

—= — 30 nodes per rack — 90 GPUs

=T — 8 chassis with Advanced Power

Management

— 1 HP Network Switch for shared

console and admin local area

=1 network

= ) — 2 Airflow Dam (Liquid Cooled)

| — 4 \/oltaire 4036 Leaf Switch

4 e f — Power distribution units

~— Power per rack approximately

35KW

NEC Confidential
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Pulling It All Together

Lustre file system 5.93PB Home file system: 1.2PB

6 Voltaire Grid
Dir 4700

e sa

6 Voltaire Grid
Dir 4700

2ies’ Bonsy By Wy Peasy Weary Py Wists Pt Pear Piss e By Wexis W) Warw Prsy Weedy Botn

2N STEY ST ANRT ITDT LD ATET AREY JPEY LNV Y AW LN S AR SRS S S A

o Wit Waner Pane By Wiy il aly Radis PRy Pty i Py Pacs Caky Vates " -

PN X SR S SR R G R MBI AT AES ET S SGS ST S R RS D

Two QDR InfiniBand, full bi-section, non-blocking fabrics j

CQ ) R A | NEC Confidential



TSUBAME2.0 L1772k
(2HT200m2HER. TSUBAMEI D2/ SLLT)

R 4 4
P 8,450 y < 8,450 S < 8,450 > < 8.450 5
F5-18M ‘ F5-28M I1 il-‘m{} F7-18M F5—4BM
| 1
1 [ 1 [

rrrrr'u ""'
| Sbe | S § - »

B-1 |l B2 i 2 S} ™ )
4 y \J
- - - -
T x h h u
b-ﬂ “‘
L1 L
T —— »
£
ol 15 g% = 11-% -t Y &

12,600 $




9V)—=2 A1\ :HP Modular Cooling System G2
[cLPEEERR XK, =\'-1vl:7~‘/l~mill
“mel-ﬂfi?ﬁvZTA’éWﬁ
LT‘%"EH’:UK A AT Ls

=& BRI ARE- SV BT
Y K35kW (it fi&zm)

EEOF—5425—D10fEN
Y (SOBARICHRLA DA

F7 R EEME - IR E

o EBE RSk B RE L
EREN RO HE o

95% £\ 97% DREK TR s v

RYD—RR—FRHDET7IZKY
KIg%E/ A Xl



ORNL Jaguar and Tsubame 2.0
Similar Peak Performance, 1/4 the Size and Power




TSUBAME2.0 77V)r—ravikie il

1.192 TFlops Linpack [IEEE IPDPS 2010] *
» Top ranks Green 500? 500

~0.5 PF 3D Protein Rigid Docking (Node 3-D FFT)
[SCO8, SCO9]

145Tlops ASUCA Weather Forecast [SC10 Bes’r
Student Paper Finalist]

Multiscale Simulation of Cardiovascular flnwg@
[SC10 Gordon Bell Finalist]

Various FEM, Genomics, MD/MO (w/IN
Apps: search, optimization, ...




TSUBAME2.OTHR S X245
ANV K AR (2010511 F

The Top 500 (R FI—#ExERE, RFT7OYTR)
1437 : 2.566 FPEIFFEIK Tianhe 1-A (11)
24iL: 1.758 : KkEBEA—2") v EILHZEFT Cray Jaguar (81)
362 1.271 HEZFEINEILR /N> 32— Dawning Nebulae (13)
44 : 1.192 : HEX EI X/HP/NEC TSUBAME2.0 (2) (Green500 rank)
5{ii: 1.054 : KERA—L 2 RA/N\—IL—EIL#HZEFT Cray Hopper (30)
642 : 1.050 :{LCEAEILHFZLFAT Bull Bullx (97)
73iL: 1.042 - KEA—2") vy EILBZEFT IBM Roadrunner (16)
33GL(AAR26D): 0.1914: BRIEFHBAERAFEKE/E L@ (95) :GREEN

= W 1\ [

The Green 500 (RFI—HBAEERE. A A7V TR /W) 5 OO
1i: 1684.20 : K[E IBMIAZEFT BlueGene/Q ZOK2A7 (116)
241 : 958.35 : HAR I X/HP/NEC TSUBAME2.0 (4)
3431 933.06 : S [E NCSA Hybrid Cluster=2E&# (403) (Top500 rank)
Afif: 82867 : HA IERF I (170)
5-7{iL: 773.38 : k'Y 21—1)yEXZ IBM QPACE SFB TR (207-209)
10fs2( B A3{1): 636.36 : HA IRIERF (102)

111
~—

®
500

SUPERCOMPUTER SITES

“Little Green 500” TlX TSUBAME2.00) EER & pi A1
1.037 Gigaflops/W ZERE (¥ Microsoft& ) F W L)



sponsored by

SUPERMICRe®

This certificate is in recognition of your organization’s achievements in reducin
environmental impact of high-performance computing.

GSIC Center, Tokyo Institute of Technology

Is recognized as the
Greenest Production Supercomputer in the World

on the world’s Green500 List of computer systems as of

November 2010

W[Z—Z/ A

Wu-chun Feng, Co-Chair Kirk Cameron, Co-Chair

S/ -
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RAJOYITR?2XH78vTX/W?

Laptop: SONY Vaio type Z (VPCZ1)

CPU: Intel Core i7 620M (2.66GHz)

MEMORY: DDR3-1066 4GBx2

OS: Microsoft Windows 7 Ultimate 64bit

HPL: Intel(R) Optimized LINPACK Benchmark for
Windows (10.2.6.015)

256GB HDD

18.1 X¥AH10)HZ7AvVYS R
369 AH(10570v TR / Watt

6. 6751I:| I—JL
3fFEITT

<<

Supercomputer: TSUBAME 2.0

CPU: 2714 Intel Westmere 2.93 Ghz

GPU: 4071 nVidia Fermi M2050

MEMORY: DDR3-1333 80TB + GDDR5 12TB
OS: SuSE Linux 11 + Windows HPC Server R2
HPL: Tokyo Tech Heterogeneous HPL

11PB Hierarchical Storage

1.192 RA410%)27AvTR
1037 AH(108)27AvY TR / Watt



TSUBAME2.0NDJIJST-CR
Ultra Low Power HPC D k&8

+ GPUTILD2 .4 PFEMVERE R 3~4D R /3>

- 1432 nodes, Intel Westmere/Nehalem EX
- 4224 NVIDIA Tesla (Fermi) M2050 GPUs
- ~76,600 total CPU and GPU "cores”, High Bandwidth

- BHMEHR— 2 (D)

- HEMERDT-H DA HBERT

+ £ ULP-CRESTO R R D&

- /—F-2v 7 -BERGERAOEA LY —RVET—H

- REDREEVY—(/—F18fE->2AT2HEL., J7E2H—.)
- /—FEMOBAXvyT BT A/ —FERE

- BEABKAIVY/F5— (35KW => PUE=1.28LLTF)

- FARSh-B4E-EEHGPUSATSYEDF A

- ¥BEHEEFI—=2T

- EBHRTDa—) T (RERM=>/(TL—3Y)
54
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Measuring GPU Power Consumption
Two power sources

- Via PCT Express: < 75 W
- Direct inputs from PSU: <240 W

Uses current clamp sensors around the

PrecP(g g\rligAcculg& ﬁeasurement ngh Current Probes

roe

RIS ! Bk o :’” “'\{ }’\,“_.‘ ‘ -
‘ :"-"-'.5,1’; < EERRE O N R 5 *
- ‘-}" g W -.‘ ."t *

- e

A/D converter
NI PCle-6259

Measurement PC

Attaches current sensors to Direct power Re?ds currents at 100
two power lines in PCle inputs from PSU us interval
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Low Power Scheduling in GPU Clusters

[TEEE IPDPS-HPPAC 091

Objective: Optimize CPU/GPU
Heterogeneous o

5000

4000

+ Optimally schedule mixed sets of jobs
» executable on either CPU or GPU but
w/different performance & power

3000

EDP(1079sj)

2000

1000

0

B Fixed [ |Proposed (static)

Assume GPU accel. factor (%) known Wecr [ proposed (oncing

30% Improvement Energy-Delay
Product s» Slowdown

TODO: More realistic environment , . ’
- Different app. power profile - . G

¢
¢ .
¢

SEfTRFRE N

PCT bus vs. memory conflict

*
.

s
*

(=T R S

- GPU applications slow down by 10 % or ¥
more when co-scheduled with memory-

intensive CPU app.

2000 4000 6000 8000 10000

Background CPU
process BW (MB/s)
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Next Generation Numerical Weather Prediction[SC10]

Collaboration: Japan Meteorological Agency

Meso-scale Atmosphere Model: Typhoon ~ 1000km

Cloud Resolving Non-hydrostatic model 1~ 10km
Tornado,

ex. WRF(Weather Research and Forecast) Down burst,
Heavy Rain

WSMb5 (WRF Single Moment 5-tracer) Microphysics*

Represents condensation, precipitation and thermodynamic effects of latent
heat release

1 % of lines of code, 25 % of elapsed time
= 20 x boost in microphysics (1.2 - 1.3 x overall improvement)

ASUCA : full GPU Implementation TSUIBA'V'E 2.0 |1”145 Tflops
developed by Japan Meteorological Agency. World Record !!!
=1
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ASUCA Multi GPU Performance
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MUPHY : Multi-Physics Simulator Blood Plasma via Lattice Boltzmann
[Massimo Bernaschi]

-oad spectrum of fluid-particle coupling mechanisms

From (minimal) Boltzmann equation

04700 G0 =0 f - [DGTD |

brary of particle and molecular representations ,
Collision + Streaming of a set of discrete velocities |

brary of fluid types

o-polymers, colloidal suspensions, gels, biofluids, ...

Superset of the Navier-Stokes dynamics

ulti-Platform

Exact streaming (no self-convected): uniform mesh

Complexity O(N)

Enable complex geometries
MUPHY Performance on the TiTech GPU cluster

Ellipsoidal Suspensions of RBC

" The performance of 1536 # of GPUs || time | efficiency
= - GPUs for the Lattice Boltzmann 556 Z76.16 NA.
} 8 s (x)= H5; (ox),) kernel is the same as the whole 512 3852 | 98.86%
a=xyz Julich Bluegene/P system 1024 19.95 | 95.37%
t (294712 cores!) 1536 13.43 | 94.43%
[ |

S x3 40 rack BG/P
v Tank Treading # of GPUs time
256 648.23
512 327.97

v Complex Rheology

Strip off DOFs: O(10) per RBC LB and Molecular Dynamics

RN + R (P = S | P
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Collaboration with Tohoku University

. Lattice I?oltzmann Method ; . ; 500 L
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INAF A T4 B FHHREI £ R BLAST on GPUs
e CUDA-BLASTP (NTU)

http://www.nvidia.com/object/blastp on tesla.html

CUDA-BLASTP vs NCBI BLASTP Speedups O—t—l— s
— DHID XD GPU, CPU
12 1 ﬁ IS
Yk -3~ =D EER L
104 3.6 sec 3.6 sec 8.5 sec
)'l' -
3 H ” ﬂ 21 sec
o e r‘ NCBI BLASTP: 1 Thread Intel i7-920 CPU
z 6 m NCBI BLASTP: 4 Threads Intel i7-920 CPU
o | CUDA BLASTP: 1 Tesla C1060 GPU
o : - ] CUDA BLASTP: 2 Tesla C1060 GPUs
21 36 sec 36 sec 1.4 min 2.6 min 29 min

o l— T - r : TSUBAME2.0TCl&

r~
o~ - -
.- ~ Ul

Query Sequence Length %"J 1 . 6 75 \/ /7- ‘\J I\

Data Courtesy of Nanyang Technological University, Singapore ( 1 O 75 C P U :I 7 ) *E %
e GPU-BLAST (CMU)

http://eudoxus.cheme.cmu.edu/gpublast/gpublast.html
“4 times speedup on Fermi GPUs”

1054
2026



http://www.nvidia.com/object/blastp_on_tesla.html
http://eudoxus.cheme.cmu.edu/gpublast/gpublast.html
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JST-CREST ULP-HPCD B BB /F/-kLSE
/NI OS5 ONIGEERELED ’7/Iz/~77"/—//b

JST-CREST Ultra Low Power HPC (2006-2013)
x/\:/wmoof*a)ﬁifgﬂn.tfﬁfﬁigﬁﬁﬁ (3) JST ULPH c ERR

RAFLOP OF PERFORMANCE
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NVCR : A Transparent
Checkpoint/Restart for CUDA

Overhead of single checkpoint

CUDA Checkpoint using BLCR (Takizawa, 2009)  Sec.
- Save all data on CUDA resource. 8
- Destroy all CUDA context. 7
- BLCR 6
- Reallocate CUDA resource. 5
- Restore data. 431 Other
After reallocation, the address or handle may differ 2 W Replay, etc.
from previous one. 11— = BN I m BLCR
Handles are Opaque pointers : can be virtualized. 0 =% . . .
> ication. . 5 N o «
Addresses must be visible for user application &)ob &e@ é&@ JC Qo%@ 6@%&
2 & Q) A
Our answer is "REPLAY". A &

NVCR records calls of all APIs related to device
memory address such as;
cuMem*(), cuArray*(), cuModule*().

We added some optimization of reducing the API
records. For example, locally resolved alloc-free pairs
are removed from the record.

The time for Replaying is quite negligible compared
with the main BLCR procedure to write image to HDD.

NVCR supports

All CUDA 3.0 APIs

OpenMPI

Both CUDA runtime and CUDA driver API.

CUDA pinned memory is supported partially ... Full
support requires NVIDIA’s official support.



MPI CUDA Checkpointing

Checkpoint Overhead

35 -

Checkpointer for MPI+CUDA applications 30 - ;E[ec‘:mce-"“”g .
* \Very important in large-scale GPU systems é 5(5, | mPost-processing
* Supports a majority of the CUDA RT API g 1(5) |
* Based on BLCR and OpenMPI =5 i H H H
0 T T T T T T
100 200 300 400 500 600 700 800 900 1000
Checkpoint CPU GPU Data size (MB)
signal arrival * GPU state saving and
) restoring has little
Running kernel
overall performance
impact.
c Evacuate states | ® Can be significantly
Waiting until e@mmmmm<— | onGPUtoCPU | faster with our scalable
communication of checkpointing
CPU-GPU and kernel —> <—— 1 | Open I\/IPI+.BLCR algorithms
execution finish checkpoint
Program — —\ - ) More details at
estore the
resumes
— | states on GPU the Resear.ch
v Poster Session




Hybrid Diskless Checkpoint

« Problem: Decrease the ckpt. overhead with
erasure codes on large-scale GPU systems.

« Scalable encoding algorithm and efficient group
mapping [CCGrid10]

« Fast encoding work on idle resource (CPU/GPU)
[HIPC10] 3

~ P1 P2 P3 P4 Pl P2 P3 P4 P5 olo
T -
o |l & O O |:| Ckpt. {0 O O — OO "/OO
3 I I I I overhead 00W Y00
T "
-y
OO B— In-m
\/ oo 3
) ) . ?Nod rrrrr



Hybrid Diskless Checkpoint

. Less than 3% of ckpt. overhead using idle resources

Himeno Benchmark on CPU Himeno Benchmark on GPU
Hybrid Diskless Checkpoint Hybrid Diskless Checkpoint

200

GFLOPS
GFLOPS

/

32 200sec. 64 110sec. 128 60sec. 256 35sec. 4 GPUs 60sec. 8 GPUs 30sec.
Nb. of processes / Ckptinterval Nb. of GPUs / Ckpt interval
B wo/Ckpt M w/HDC ' w/DDC M wo/ckpt @ w/HDC " w/DDC

« We are currently combining this technique with our
MP| CUDA Checkpoint.



Software Framework for GPGPU Memory FT
[IEEE IPDPS 2010]

Error detection in CUDA global memory + Checkpoint/Restart
Works with existing NVIDIA CUDA GPUs

Lightweight Error Detection

Cross Parity for 128B blocks of data
Detects a single-bit error in a 4B word
Detects a two-bit error in a 128B block

No on-the-fly correction - Rollback upon erro

450 — 180

400 == B — 160

350 140

300 120

[¥s]

‘%50 —4—0Original (kernel only) §1OO

u_OO --Original & &

&50 I ——— 60
100 Ours (kernel only) 40
50 =>=0urs 20 EEe—

0 O

1024 2048 4096 8192 Total Kernel

‘W Original 71 Ours £1CUFFT = FFTW|

Matrix Size (N)
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